Abstract: In this letter, a technique to improve the gain of ultra-wideband (UWB) planar antennas, by using low-profile frequency selective surface (FSS) based reflectors, is proposed. This technique not only enhances the gain of the planar UWB antennas but also guarantees a constant gain of maximum variation of 0.5 dB across the entire UWB, while keeping their attractive merits. To prove the effectiveness of the proposed technique, UWB coplanar waveguide (CPW) fed circular-disc antenna is installed above the proposed reflectors. As result, constant gain UWB antenna has been obtained.
Introduction
Over the last decades, UWB technology has gained a lot of attention as consequence, of its ability to optimize the performance of the existing systems and open the doors widely for future applications and as results, to the attractive merits that it provides such as wide bandwidth, high data rate, interference mitigation and low transmission power. To benefit in the best ways of this technology, UWB antennas providing valuable characteristics such as planar structures, compact size and easy fabrication using printed circuit board (PCB) technology, have been proposed [1, 2, 3, 4, 5] . However, the provided radiation is omnidirectional and bidirectional in the principal planes. Although, this is desirable for the applications where the users' locations are not predefined as communication systems, a directional radiation is more suitable for other applications such as radar and medical applications. Accordingly, the radiation nature of the omnidirectional planar UWB antennas restricts them to be used for the applications that require directional radiation. Subsequently, immense research has been devoted to offer UWB planar antennas with directional radiation whether, by developing conventional directional broad-band antennas [6] or by proposing some approaches and techniques contribute to provide antennas with these desirable features [7, 8, 9, 10] . [7, 8] provide axial directional radiation and [9, 10] provide broadside directional radiation using multilayer FSS reflectors. Comparing with these reflectors, the proposed reflectors inhere are FSS structures construct with sub-wavelength cells printed on single dielectric substrate with and without perfect electric conductor (PEC) ground, which simplifies the implementation and minimizes the profile of the overall structure. In this paper, firstly, we propose grounded FSS reflector to serve the purpose of high-gain planar structure as well as constant gain across the entire band from 3.1 to 10.6 GHz which is the band authorized by the FCC for UWB applications in 2002 [11] . Thereafter, a further improvement is made to derive a single-layer FSS occupies one side of substrate which eliminates the need for ground plane. The effectiveness of the proposed reflectors to improve the gain of the UWB omnidirectional planar antennas is proved by means of using UWB antenna as radiator. The design and optimization process has been performed using computer simulation technology (CST-MWS).
Design process
The main objective of this letter is to design reflectors to be able to reflect the incident waves over the entire UWB band. PEC ground plane can be used as reflector, but its performance cannot be guaranteed over broadband frequency range as UWB band especially over the high frequencies. To alleviate this limitation, FSS can be employed [12] . As result, grounded FSS will serve as UWB reflector. In addition, this reflector needs to have a reflection coefficient varies with frequency in a manner stabilizes the gain of the UWB antennas over the UWB band. Therefore, we use grounded FSS with high resonance frequency to obtain the both characteristics.
Grounded FSS reflector
Frequency selective surfaces are 2D periodic arrays of metallic elements or apertures that exhibit stop-band or pass-band characteristics when excited by an electromagnetic wave at an angle arbitrary to the plane of the array. FSS with array of conductors is fully reflective at resonance frequency where it acts as a metallic sheet and it remains transparent at other frequencies [13] . This feature can be used to design partially reflector with desirable reflection coefficient by choosing the location of its resonance frequency. High resonance frequency FSS with array of conductors can act as transmitter with reflection magnitude increases with frequency. Thereafter, the transmitted waves can be reflected totally using PEC ground plane. This way the grounded FSS will improve the gain of used radiator across the entire UWB band with different amount of enhancement, hence; a constant gain can be achieved. Grounded FSS can also be considered as grounded dielectric slab loaded with periodic patches, which is similar to high impedance surface (HIS) with removed vertical vias. Therefore, we used the design process suggested in [14] and CST-MWS with considering the "unit cell" boundary conditions and Floquet ports, to design grounded slab loaded with periodic square patches of width W and gap width g between the unit cells as indicated in Fig. 1 .a, to have a widest in-phase band centered at 7.5 GHz. Furthermore, a foam substrate of dielectric constant of 1.07 and thickness of hu = 3 mm has been chosen. It has been revealed that the reflection coefficient magnitude of this unit cell without the ground plane increases with the frequency and it is totally reflective around 45 GHz. Over the UWB band, the magnitude of the reflection coefficient varies from 0.3 at lower frequency to 0.8 at higher frequency. As result, the reflected amount by the ground plane is unequal and is proportionally decreased with frequency. This is the key feature to achieve constant gain across the entire UWB, especially if the gain of the used radiator is higher at upper frequencies than it is at lower frequencies which is the case of the most part of UWB planar antennas. In [9] , this feature is achieved by allowing the transmission through no backed multilayer FSS, inhere; it is achieved with only one partially reflective FSS.
Single-layer FSS reflector
The operation mechanism of the grounded FSS reflector treated in the last section can be realized differently in manner leads to further improvement of the proposed approach, by using complementary structure. The complementary structure of the previous used FSS is a FSS with array of square slots printed on the same substrate as shown in Fig. 1 .b. This complementary structure will have interchanged Sparameters with the original one according to the Babinet's principle. As result, a reflector with similar behavior as the grounded FSS can be obtained. It should mention that the complementary unit cell is printed on foam substrate with thickness of 1.56 mm.
Antenna above the proposed reflectors
For better evaluation of the proposed design concept, UWB planar antenna is used as radiator. The original design of this UWB planar antenna has been proposed in [3] . It is a CPW-fed circular disc antenna printed on dielectric substrate as shown in Fig. 1 .c. In this paper, the employed substrate is RO4350B with dielectric constant of 3.48 and thickness of 1.524 and the dimensions of the CPW line are wf and sf where the former is the width of the line and the latter is the gap between the main line of the CPW and the ground plane and s is the slot gap between the circular patch and the ground plane. The antenna is located at distance h above the grounded FSS reflector and the complementary FSS as indicated in Fig. 1 .c. In each case, the reflection coefficient of the UWB antenna and its peak gain are computed and they will be discussed in the next section.
Numerical results
Many parameters affect the overall performance of the combined structures. Therefore, the effects of all those parameters have been studied thus their optimized values that give the best performance in terms of the matching band and the maximum gain, are selected, which are (in mm): W = W2 = 5, g = 0.25, La = Wa = 50, r = 14.5, wf = 3, sf = 0.28, s = 0.35, h = 15.5, with overall reflectors size of 115.5 mm (22 cells). Fig. 2 illustrates the reflection coefficient of the UWB antenna amounted above the proposed reflectors and the peak gain obtained over frequency. Fig. 3 indicates the radiation patterns in the principal planes. These figures contain also the corresponding results of the UWB antenna without reflectors to allow a clear visualization of the achieved improvement owing to the reflectors. These results prove that the provident choice of the different parameters gives an antenna with operating band from 3.1 to 10.6 GHz with quasi-constant maximum gain of average 9 dB. It can also be noticed that the antenna shows a similar behavior at the distance h from the both reflectors across the studied band except at 10 GHz where a gain enhancement of 0.5 dB can be observed. However, the antenna still has a maximum gain variation of 0.5 dB across the entire UWB band in the two cases. The computed radiation patterns show the good effects of the reflectors on the radiation behavior of the antenna and confirm the gain enhancement (narrower main beams) which is meanly because of the minimization of the back radiation. Following the proper design methodology, similar results can be obtained using other UWB monopole antennas as radiators.
Conclusion
In this letter, a technique to gradually increase the gain of UWB planar antennas over the frequency, by using FSS with low-profile sub-wavelength unit cells, has been proposed, which eliminates the restriction of the UWB planar antennas to be used only for one to multi-users applications and extends their potential applications to include the ones where stable and high gain is required. The effectiveness of the proposed FSS based reflectors is proved by means of using CPW-fed circular-disc monopole as a radiator. Maximum gain of 9 dB with maximum variation of 0.5 dB across the UWB band has been achieved while maintain the wide bandwidth of the used radiator.
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